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Organisms from all kingdoms produce pore-forming proteins, with the best-characterized being of bacterial
origin. The last decade of research has revealed that the channels formed by these proteins can be very
diverse, thus differentially affecting target cell-membrane permeability and consequent cellular outcome.
The responses to these toxins are also extremely diverse due tomultiple downstreameffects of pore-induced
changes in ion balance. Determining the secondary effects of pore-forming toxins is essential to understand
their contribution to infection.Introduction
The emergence of the plasmamembrane is considered to be one
of the pillars of life and evolution. The cell-surrounding mem-
brane not only defines the boundary between the inside and
outside but also allows the two environments to have different
compositions and chemical properties. Its central importance
has made it a preferential target during intercellular conflicts,
and not surprisingly organisms from all kingdoms have evolved
molecules that can alter membrane permeability. Pore-forming
proteins (PFPs) are among such molecules. These proteins are
generally produced by an organism in a soluble monomeric
form that can, in a regulated manner, assemble into oligomeric
complexes with the capacity to insert into membranes. The
purpose of producing PFPs differs between organisms. The
best-characterized and largest class of PFPs is that of bacterial
pore-forming toxins (PFTs). Bacteria produce PFTs to either to
kill other bacteria (colicins, Figure 1) (Lakey et al., 1994), or in
the case of pathogenic bacteria to affect their hosts in order to
promote colonization and spread (Figure 1). Bacterial PFPs
also include components of type III and IV secretion systems.
These are needle-like structures that Gram-negative bacteria
utilize to introduce proteins called effectors into target cells
(Hayes et al., 2010). These secretion systems span both the inner
and outer membrane of the bacterium and must also puncture
the host plasma membrane. To do so, the tips of these injection
machineries are composed of translocators, bicomponent pore-
forming proteins such as IpaC and IpaB in Shigella flexneri or
SopB and SopD in Pseudomonas aeruginosa. Finally, the PFP
family also contains many B subunits of so-called AB toxins.
These are multisubunit toxins where the B subunit is endowed
with the ability to bind to host cells and to escort the A subunit
to the cellular destination where it can exert its enzymatic
activity. In many AB toxins, the B subunit forms transmembrane
pores or channels, often in the endosomes, that allow the trans-
location of the A subunit across the membranes (Reig and van
der Goot, 2006). Examples include the translocation domain of
diphtheria toxin (Rodnin et al., 2010) and the protective antigen
(PA) of anthrax toxins (van der Goot and Young, 2009).
Production of PFPs is by no means restricted to bacteria. Eu-
karyotic organisms such as parasites, fungi, sea anemone,
hydra, or plants also produce PFPs either as defense mecha-266 Cell Host & Microbe 12, September 13, 2012 ª2012 Elsevier Incnisms or to access nutrients (Figure 1). Even vertebrates produce
PFPs to kill bacteria (e.g., the complement membrane attack
complex, MAC), to kill infected or malignant cells (e.g., perforin),
or to permeabilize mitochondria in order to trigger apoptosis
(e.g., members of the Bak family) (Figure 1). Unintended
PFPs have also appeared in vertebrates: it has been shown
that proteins involved in neurodegenerative diseases such as
a-synuclein or the b-amyloid peptide of Alzheimer can assemble
into pore-forming aggregates that resemble PFTs (for review
see Kagan, 2012).
Wewill review the current knowledge about themode of action
of bacterial PFTs, the apparent purpose of producing such
proteins, the responses that PFTs elicit in mammalian cells, the
mechanisms of membrane repairs that may restore the perme-
ability barrier, and finally the unexpected secondary effects
triggered by PFTs and which may be highly relevant in the
context of infection. Effects of PFTs that are unrelated to their
pore-forming activity will not be discussed.
PFT Assembly and Action: An Overview
Upon synthesis by the producing organism, PFTs generally fold
into a monomeric soluble protein that is secreted. Upon binding
to the target cell membrane, monomers assemble into oligo-
meric structures and undergo a conformational change that
generates hydrophobic patches, allowing spontaneous insertion
into the lipid bilayer leading to membrane permeabilization.
The stochiometry of the multimeric assembly greatly varies
between PFTs, ranging from a tetramer for the Bacillus
thuringiensis Cry1Aa (Groulx et al., 2011), to heptamers for
Aeromonas aerolysin (Iacovache et al., 2010), to >30 mers for
cholesterol-dependent cytolysins (CDCs) (Hotze and Tweten,
2012). This difference in stochiometry translates into differences
in pore diameter, which range from 1.5–2 nm for aerolysin
to >30 nm for CDCs (Hotze and Tweten, 2012; Iacovache
et al., 2010). Interestingly, pores formed by PFTs may arrange
into higher-order assemblies on target cell membranes leading
to larger lesions (Tomita et al., 2011).
Oligomerization of PFTs is promoted by their binding to the cell
surface via specific receptors. Many different PFT receptors
have been identified, but interestingly they often share the prop-
erty either of associating with lipid rafts—i.e., cholesterol- and.
Figure 1. Representative Pore-Forming Proteins of All Kingdoms
The colors represent the pore-forming protein structural family: CDC/MACPF (green), aerolysin (blue), a-hemolysin (orange), colicin/Bax (yellow), actinoporins
(pink), ClyA (purple), and the yet undefined class of RTX toxins (white).
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Simons, 2011)—or of being raft components. Indeed cholesterol
is the receptor of certain CDCs such as Perfringolysin O or
Streptolysin O, sphingomeylin is the receptor for lysenin from
the earthworm E. fetida (Yamaji-Hasegawa et al., 2003) and the
sea anemone Actinia equina equinatoxin II (Kristan et al.,
2009), and glycosylphosphatidyl inositol (GPI) -anchored pro-
teins are the receptors for Aeromonas aerolysin and Clostridium
septicum a-toxin (Abrami et al., 2000). PFT receptors are
however not always lipids or lipid-anchored proteins. The protein
portion of the human complement regulator CD59, a GPI-
anchored protein, is the receptor for the CDC intermedilysin
(Hotze and Tweten, 2012), the integrin CD11b/CD18 is the
receptor for Bordetella pertussis adenylate cyclase (Linhartova´
et al., 2010), certain claudins—components of tight junctions—
are the receptors for C. perfringens Enterotoxin (Fujita et al.,
2000), and recently the metalloprotease ADAM10 was proposed
to be a receptor for S. aureus a-hemolysin (Wilke and Bubeck
Wardenburg, 2010).
Binding of PFTs to their receptors not only leads to concen-
tration of the toxin—due to the change in dimensionality
from 3D to 2D—but also limits diffusion to a 2-dimensional
space, thus increasing the probability of monomer-monomer
encounter. Oligomerization may be further enhanced by
the association of toxin receptors with lipid rafts as initially
shown for aerolysin (Abrami and van Der Goot, 1999) and sub-
sequently extended to numerous PFPs (Lafont et al., 2004; van
der Goot et al., 2004; Verove et al., 2012), although this notion
has been challenged (Nelson and Buckley, 2000), possibly
reflecting the decade-long debate on the identity and existence
of lipid rafts.CePore Formation by PFTs: Function and Consequence
The primary consequence of pore formation by PFTs is
membrane permeabilization. Why an organismmay want to alter
membrane properties is not always clear except for a few
specific cases. For example, certain E. coli species produce
pore-forming colicins to kill related bacteria (Lakey et al.,
1994). The type III secretion systems of Gram-negative bacteria
as well as the B subunits of AB toxins are produced to perforate
membranes to allow the passage of effector molecules and A
subunit, respectively. Finally, bacteria that replicate in the host
cytoplasm produce PFPs to trigger rupture of the vacuole in
which the bacterium resides following cell entry. For example,
Listeriolysin O (LLO) is required for the release of Listeria mono-
cytogenes into the cytosol (Hamon et al., 2012), an event that is
potentiated by the cystic fibrosis transmembrane conductance
regulator (CFTR) (Radtke et al., 2011). During the early phase
of cell invasion, pore formation by LLO also impairs the matura-
tion of the Listeria-containing vacuoles by preventing the acqui-
sition of aggressive molecules such as NADPH oxidase (Lam
et al., 2011), allowing the generation of a vacuolar Listeria
replication niche if LLO levels remain low (Birmingham et al.,
2008). The role of LLO is similar to that of perforin-like protein 1
(PLP1) from the Apicomplexan parasite Toxoplasma gondii,
which is required for egress of the pathogen from the parasito-
phorous vacuole (Kafsack et al., 2009).
Changes in Cellular Ion Composition
The primary effects of PFTs are changes in the concentration of
ions in the target cell cytosol. These changes trigger secondary
effects, some of which will be described below and many of
which probably still need to be identified and characterized.
Calcium, potassium, and ATP have thus far been identified asll Host & Microbe 12, September 13, 2012 ª2012 Elsevier Inc. 267
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damage and we will limit our discussion to these three
molecules.
The amplitude, duration, and localization of PFT effects will
depend on the concentration of PFT, the pore diameter, the resi-
dues that line the pore lumen, the number of pores per cell/
membrane domain, and the stability of the pore. As a conse-
quence, the cellular response to PFTs will also depend on the
above-mentioned factors. Thus, despite all PFPs being hemo-
lytic, which is a criterion often used to define them, all pores
are not equal. For example, high concentrations of any CDC
will lead to the formation of stable, nonselective, pores of
>30 nm in diameter that will allow rapid and massive calcium
entry as well as potassium efflux (Hotze and Tweten, 2012). In
contrast PFTs of the RTX family make very transient pores
(a few seconds life time) (Linhartova´ et al., 2010), that can adopt
two conformations, one that allows the passage of potassium
and the other that allows the passage of calcium (Fiser et al.,
2012; Osickova et al., 2010). This calcium entry does not lead
to a sustained calcium rise but to calcium oscillations (Uhle´n
et al., 2000). Intriguingly, some CDCs have also been shown to
trigger calcium oscillations (Babiychuk et al., 2009; Gekara
et al., 2007), which is inconsistent with the documented large
pore size. This raises the possibility that CDCs can trigger
effects, such as release of calcium from intracellular stores,
that are independent of their pore forming capacity, and such
pore-forming independent properties have been reported. Alter-
natively, CDCs might have the capacity to transiently permeabi-
lize membranes at low concentrations, through structures that
differ from the large oligomeric pores. Such a differential
behavior highlights the importance of monitoring changes in
ion composition and utilizing mutants in pore formation as
controls.
Changes in cellular ion composition following exposure to
PFPsmay also be the result of a secondary effect due to the acti-
vation of host channels. For example, if ATP is released into the
extracellular milieu upon pore formation, it may trigger the acti-
vation of P2X receptors—ligand-gated cation channels activated
by extracellular ATP (Jiang et al., 2012; Miller et al., 2011)—as
has been shown following pore formation by E. coli HlyA (Skals
et al., 2009) and S. aureus a-hemolysin (Skals et al., 2011)
in erythrocytes. P2X receptors in turn trigger opening of the
hemi-channel pannexin leading to massive potassium efflux
(Locovei et al., 2007; Pelegrin and Surprenant, 2006).
Cell Death
It has long been thought that the sole purpose of elaborating
PFTs is to kill cells, either to liberate materials necessary to
sustain bacterial growth and thus colonization or to protect the
bacterium by killing cells of the immune system such as phago-
cytes. Excessive pore formation indeed leads to target cell
death. At high PFT concentrations, nucleated cells will generally
undergo necrosis (Kennedy et al., 2009; Knapp et al., 2010), in
particular due to deregulation of mitochondrial activity resulting
from dramatically reduced levels of ATP and potassium. At lower
concentrations, deathmay occur via programmed necrosis (also
known as pyronecrosis, oncosis, or necroptosis), apoptosis, or
pyroptosis (caspase-1 mediated cell death) (Lin et al., 2010).
Programmed necrosis, characterized by cell swelling, vacuola-
tion of the cytoplasm, ATP depletion, early plasma membrane268 Cell Host & Microbe 12, September 13, 2012 ª2012 Elsevier Incrupture, and the release of proinflammatory proteins, is triggered
by S. aureus a-hemolysin (Craven et al., 2009; Essmann
et al., 2003), C. septicum a-toxin (Kennedy et al., 2009), and
Helicobacter pylori vacuolating toxin vacA (Radin et al., 2011).
The same toxins have also been shown to trigger apoptosis. It
is currently unclear what determines the pathway to death
upon exposure of cells to PFTs, although toxin concentration
and cell type are no doubt important. Also within a population,
the response to pore formation is likely to be inhomogeneous:
some cells might die by necrosis/programmed necrosis/pyrop-
tosis while others die by apoptosis (Soong et al., 2012).
A unique example of PFT-induced target cell death is that
induced by VacA. VacA owes its name to the fact that it is able
to form channels in the endosomes leading to their swelling.
Swollen endosomes appear as cytoplasmic vacuoles by phase
contrast microscopy (Boquet and Ricci, 2012). VacA is however
also targeted to the inner membrane of mitochondria, which it
permeabilizes, thereby dissipating the membrane potential,
interfering with the energy metabolism and triggering apoptosis
(Rassow, 2011).
Host Response to PFPs
During the course of infection, most cells are probably exposed
to rather low concentration of PFTs, which would not necessarily
lead to cell death. The toxin-triggered changes in cytoplasmic
ion composition in these cells will however lead to a panel of
secondary events, whose contribution to pathogenesis requires
further investigation.
Plasma Membrane Repair
Since the pioneering work of Thelestam and Mo¨llby (Thelestam
and Mollby, 1983), it has been known that cultured cells can
restore plasma-membrane integrity following short exposure to
PFTs as later confirmed for Streptolysin O (Walev et al., 2001).
This is reminiscent of the ability of cells to survive mechanical
plasma membrane damage, even when significant portions of
the membrane have been scratched off (McNeil and Steinhardt,
2003). Remarkably, recovery of plasma-membrane integrity
following mechanical damage or exposure to CDCs occurs
within seconds/minutes (Keefe et al., 2005; McNeil and Stein-
hardt, 2003; Walev et al., 2001). In both situations, recovery is
strictly calcium dependent.
Various mechanisms have been proposed to explain the rapid
calcium-dependent recovery of membrane integrity following
pore formation by CDC (Figure 2). It has long been known that
plasma-membrane damage, in general, triggers the formation
of blebs, or outward vesiculation (Babiychuk et al., 2011;
Cocucci et al., 2009; Keefe et al., 2005; Morgan et al., 2000).
Calcium-dependent CDC induced bleb formation might initially
be transient: the plasma-membrane protrusion would sequester
the damaged pore-containing membrane domain and be iso-
lated from the rest of the cytoplasm by a plug formed by the
calcium-binding annexin proteins (Babiychuk et al., 2011).
CDC-induced blebs are subsequently released (Babiychuk
et al., 2009; Keyel et al., 2011), thus removing the pores from
the plasma membrane (Keyel et al., 2011). Interestingly, it has
been shown that following mechanical membrane damage,
annexin 5 binds torn membrane edges, forming 2-dimensional
arrays in order to withstand the created membrane tension, pre-
venting wound expansion and promoting membrane resealing.
Figure 2. Schematic Representation of Selected Response Pathways to Pore-Forming Proteins
The described pathways have been reported but do not necessarily apply to all PFTs (see text). Calcium entry through the pore may lead to the calcium-
dependent formation in membrane blebs that may initially be isolated from the rest of the cell by an annexin plug. If membrane repair fails in the blebs, the
membrane domain is shed off the cell. Calcium entry may also trigger the fusion of secretory lysosomes, that contain acid sphingomyelinase (ASM). Upon
secretion, ASM cleaves the head groups of sphingomyelin and phosphatidyl choline, which in turns triggers endocytosis leading to uptake of the PFP.
Efflux of ATP through the pore may lead to the activation of P2X channel, which in turn leads to opening of the pannexin channels, allowing massive potassium
efflux. The rise in calcium and drop in potassium trigger a variety of secondary events (see Figure 3 and text).
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to CDCs has not yet been investigated.
Removal of CDC pores from the plasma membrane has
also been proposed to occur by endocytosis. Rapid CDC-
induced calcium entry triggers fusion of secretory lysosomes
with the plasma membrane (Idone et al., 2008), leading to the
release of acid sphingomyelinase—which, by processing
plasma membrane sphingomyelin, leads to rapid and massive
endocytosis and thus internalization of SLO (Corrotte et al.,
2012; Tam et al., 2010). Thismodel is attractive. However, further
experiments are required to unambiguously show that endo-
cytosis leads to uptake of the toxin pores rather than the
monomeric toxin.
Such rapid calcium-dependent membrane recovery does
not occur following pore formation by toxins such as aerolysin
(Gonzalez et al., 2011) or S. aureus a-hemolysin (Husmann
et al., 2006). Several hypotheses can be proposed to explain
this difference between toxins: (1) calcium flow through aeroly-
sin/a-hemolysin pores is insufficient to trigger the repair path-
way(s); (2) the aerolysin/a-hemolysin pores are very stable; (3)
aerolysin/a-hemolysin makes more pores and/or these pores
are compartmentalized differently. Future research is required
to explain the intriguing counterintuitive observation that small
pores seem to be harder for a cell to repair than big ones.
Recovery following exposure to S. aureus a-hemolysin, which
requires hours, has however been found also to involve endocy-
tosis (Husmann et al., 2009). Since a-hemolysin pores are
extremely stable and presumably resistant to lysosomal degra-Cedation, cells might regurgitate the pores into the extracellular
milieu via the exosomal pathway (Husmann et al., 2009). Alterna-
tively, degradation of endocytosed pores might occur via auto-
phagy, as suggested, but not shown, for Vibrio cholera cytolysin,
an a-hemolysin-like PFTs (Gutierrez et al., 2007). Uptake of
protein pores is expected to damage endosomes, which could
then be recognized by the autophagy machinery (Mestre et al.,
2010), as are vacuoles that have been ruptured by escaping
bacteria (Ligeon et al., 2011).
The various proposed pathways of pore removal and
membrane repair may actually operate simultaneously, at least
at the organisms level. Indeed, it was observed that exposure
of C. elegans to the PFT Cry5B from Bacillus thuringiensis,
provided in the food, leads to massive shedding of microvilli
and increased endocytosis (Los et al., 2011). TwoRab-GTPases,
rab-5 and rab-11, involved in endocytosis and recycling, respec-
tively, were found to contribute to the protection of C. elegans
from Cry5B (Los et al., 2011). Thus, shedding, endocytosis,
and fusion of internal vesicles with the plasma membrane may
all contribute to repair.
Shift in Cellular Metabolic State
Upon PFT-induced plasma-membrane damage, cells change
their metabolic state (Gonzalez et al., 2011), entering a quies-
cence-like state as observed in yeast. They activate autophagy,
as shown for S. aureus a-hemolysin, Vibrio cholerae cytolysin,
aerolysin, SLO, LLO, and E. coli hemolysin (Gonzalez et al.,
2011; Kloft et al., 2010; Mestre et al., 2010). Although this may
contribute to pore clearance as discussed above, autophagyll Host & Microbe 12, September 13, 2012 ª2012 Elsevier Inc. 269
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cytosolic components (Levine and Kroemer, 2008). PFTs also
trigger the formation of lipid droplets, as an energy storage
device, and reduced the anabolic activity of the cell via a global
arrest in translation (Gonzalez et al., 2011), thus fulfilling three
hallmarks of yeast quiescence. All three events appear to be trig-
gered by the decrease in cytosolic potassium (Gonzalez et al.,
2011). PFT-induced arrest in protein synthesis correlates with
the phosphorylation of eukaryotic initiation factor alpha (eIF2a)
(Gonzalez et al., 2011) and may occur via the kinase GCN2 (Kloft
et al., 2010). The duration of the translational inhibition correlates
with the time required to restore normal intracellular potassium
levels: it lasts >1 hr for LLO and 7 hr for aerolysin (Gonzalez
et al., 2011). Inhibition of global translation could have important
consequences for the transcriptional response to bacterial infec-
tion. It is important to keep inmind that global arrest in translation
does not exclude that specific transcripts may continue to be
synthesized, an issue that deserved further investigation.
Translational blockade in the gut was also observed upon oral
infection of Drosophila with the entomopathogenic bacterium
Pseudomonas entomophila (Chakrabarti et al., 2012). This trans-
lation inhibition was GCN2 dependent and partly due to the
secretion by P. entomophila of a recently identified PFT, mona-
lysin (Opota et al., 2011).
The effect of bacteria on host-protein synthesis appears to be
an emerging theme in infection: Pseudomonas aeruginosa leads
to the arrest of protein synthesis in the C. elegans gut through
endocytosis of its translation inhibiting toxin Exotoxin A (Dunbar
et al., 2012); Legionella pneumophilawas found to inject multiple
effectors into host cells that affect translation (Fontana et al.,
2011); finally host-cell damage by Salmonella and Shigella leads
to amino-acid starvation, activation of the GCN2 kinase, phos-
phorylation of eIF2a, and transcriptional reprogramming (Tattoli
et al., 2012).
Activation of Signaling Cascades
As already apparent from the above-mentioned PFT-induced
activation of the GCN2 kinase, which subsequently phosphory-
lates eIF2a, PFTs trigger the activation of phosphorylation
cascades. One of the earliest findings was that all PFTs, with
so far no exceptions, trigger activation of the p38 MAP kinase
in all systems tested (Gonzalez et al., 2011; Huffman et al.,
2004; Husmann et al., 2006; Porta et al., 2010; Ratner et al.,
2006). PFTs in fact activate all three MAP kinases, p38, JNK,
and ERK (Gonzalez et al., 2011; Kao et al., 2011). The exact roles
of the MAP kinase pathways in cell survival remain unclear and
may differ from one toxin to another. In C. elegans, p38 is
important for survival of the organism (Huffman et al., 2004)
possibly due to its ability to activate the unfolded protein
response (UPR) (Bischof et al., 2008). Recovery of plasma-
membrane integrity was also found to be p38 dependent
following exposure to aerolysin/a-hemolysin (Gonzalez et al.,
2011; Husmann et al., 2006) but not following exposure to
CDCs (Husmann et al., 2006).
PFTs also activate phosphatases (Aguilar et al., 2009; Wiles
et al., 2008), which may terminate the MAP kinase signal (Aguilar
et al., 2009). In addition, by activating phosphatases,E. coliHlyA,
S. aureus a-hemolysin, and aerolysin were found to inhibit Akt
(protein kinase B), a key regulator of host-cell survival, inflamma-
tory responses, proliferation, andmetabolism (Wiles et al., 2008).270 Cell Host & Microbe 12, September 13, 2012 ª2012 Elsevier IncAkt inhibition could play an important role during infection by
affecting the NF-kB pathway and thereby the inflammatory
response. PFT-induced dephosphorylation was also observed
for histone H3 (Hamon et al., 2007; Hamon and Cossart, 2011),
thus affecting the transcriptional response.
Activation of Protease Signaling
Signaling pathways are classically thought of as phosphorylation
cascades. It is however increasingly apparent that signals can be
transmitted by sequential proteolysis (Turk et al., 2012). PFTs
also trigger a variety of proteolytic signaling cascades.
Aerolysin-induced drop in cellular potassium leads to the
assembly of the NLRP3 inflammasome (Gurcel et al., 2006;
McCoy et al., 2010b), a multisubunit complex involved in the
activation of caspase-1 (Rathinam et al., 2012). The inflamma-
some appears to be activated by all PFTs tested (S. aureus
a-hemolysin [Craven et al., 2009; Soong et al., 2012], pneumoly-
sin [Hoegen et al., 2011; McNeela et al., 2010], B. pertussis ClyA
[Dunne et al., 2010], E. coli HlyA [Dhakal and Mulvey, 2012]), as
well as by type III secretion systems [Brodsky et al., 2010;
McCoy et al., 2010a]. Interestingly, however, some bacteria
secrete effectors that will counteract the type III secretion
system-dependent activation of the inflammasome (Brodsky
et al., 2010).
The best-characterized downstream targets of caspase-1 are
Interleukins 1b and 18, and these inflammatory cytokines are
indeed released by PFT-treated cells (Dunne et al., 2010; Meix-
enberger et al., 2010; Walev et al., 1995). Caspase-1, however,
has other targets that remain to be identified and which may
vary between cell types. Pyroptosis for example is a caspase-
1-mediated cell-death pathway that can be triggered by PFTs
(Soong et al., 2012), but the involved execution proteins remain
to be be identified. Indirect downstream targets of aerolysin-
activated caspase-1 are SREBP (Gurcel et al., 2006), the central
regulators of lipid metabolism (Sato, 2009).
Aerolysin and S. aureus hemolysin also trigger activation of
caspase-2 (Imre et al., 2012), an initiator caspase that sub-
sequently activates the executioner caspases 3, 8, and 9 (Imre
et al., 2012). Both caspase-1 and 2 activations by PFTs are
strictly dependent on potassium efflux.
Calcium is also a potent activator of certain proteases, in
particular calpains, intracellular proteases that participate in
apoptosis and degradation of intracellular components. Calpain
activation was observed in response to C. septicum alpha toxin
(Kennedy et al., 2009), B. pertussis ClyA (Bumba et al., 2010),
and S. aureus a-hemolysin (Soong et al., 2012). Downstream
targets of calpain in response to PFTs have not yet been identi-
fied with the exception of talin, which is cleaved in response to
B. pertussis ClyA (Bumba et al., 2010). Cleavage of talin was
required for the association of the ClyA receptor with lipid rafts.
Cells express an endogenous inhibitor of calpain, calpastatin.
Remarkably, calpastatin was proposed to be a downstream
target of caspase-1 (Soong et al., 2012). Thus, there appears
to be a complex interplay between PFT-activated pathways.
While the above-mentioned PFT-induced proteolytic cas-
cades appear rather generic, certain proteases are activated
only in response to a specific PFT. Exposure of bladder epithelial
cells to E. coli HlyA triggers the activation of the serine protease
mesotrypsin, which in turn cleaves paxilin, a protein involved in
adhesion (Dhakal and Mulvey, 2012). Paxilin cleavage did not.
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tent with the specificity, activation of these serine proteases was
calcium and potassium independent (Dhakal and Mulvey, 2012).
Paxillin was not the only protein degraded in response to HlyA.
When analyzing both bladder epithelial cells and macrophages,
HylA was found to also induce degradation of b-catenin, IkBa,
and the NF-kB subunit RelA (Dhakal andMulvey, 2012), suggest-
ing that through the activation of proteolytic cascades, HlyA can
promote exfoliation of bladder epithelial cells as well as atten-
uate the inflammatory response.
Specific protease activation was also observed for S. aureus
a-hemolysin, which has not only been found to bind to themetal-
loprotease ADAM10 but also to activate it, leading to the
cleavage of the adherens junction protein E-cadherin and thus
disruption the epithelial barrier, in particular in the lung and
skin (Inoshima et al., 2011; Inoshima et al., 2012). Finally, LLO
was found to triggers aspartyl-protease-dependent degradation
of Ubc9, a protein involved in SUMOylation (Ribet et al., 2010).
Effect on Transcription
A variety of studies indicate that PFTs trigger changes in gene
expression, for example by activating the NF-kB pathway (Drag-
neva et al., 2001; Kayal et al., 2002; Walev et al., 2002), or
through epigenetic control (the dephosphorylation of histone
H3 and the deacetylation of histone H4) (Hamon et al., 2007;
Hamon and Cossart, 2011). Whether this is a means by which
pathogen reprogram host cells or whether these changes are
part of a cellular defense response is not clear.
Using C. elegans as a host, a genome-wide RNAi screen was
conducted to identify genes that are involved in the protection
against PFTs, i.e., genes that when knocked out render worms
hypersensitive. This screen revealed that worms commit 0.5%
of their genome (106 genes) to respond to pore formation (Kao
et al., 2011). Consistent with previous findings in other systems
(Aguilar et al., 2009; Gonzalez et al., 2011; Kloft et al., 2009; Porta
et al., 2010), the screen highlighted the importance of two MAP
kinase pathways, p38 and JNK, in coordinating this protection
(Kao et al., 2011). These pathways add on to two pathways previ-
ously shown to protect C. elegans from PFTs, namely the DAF-2
insulin/insulin-like growth factor-1 signaling pathway (Chen
et al., 2010) and the hypoxia and induction of the hypoxia
response (Bellier et al., 2009). Studies on C. elegans also re-
vealed that PFTs can activate the ER stress response pathway,
the unfolded protein response (UPR) (Bischof et al., 2008), which
is also activated in mammalian cells (Bischof et al., 2008; Pillich
et al., 2012). Interestingly, while Cry5a triggers only activation of
the IRE-1 arm of the UPR inC. elegans, LLO triggers activation of
all three arms of the mammalian UPR—IRE-1, PERK and ATF6
(Bischof et al., 2008; Pillich et al., 2012). Although the UPR
appears to have a protective role for the cell, the exact mecha-
nisms remain to be elucidated.
Finally, asmentioned, PFTs also activate themaster regulators
of lipid metabolism, the SREBP transcription factors (Gurcel
et al., 2006) (for review on SREBPs see Jeon and Osborne
[2012]). Activation of SREBPs in response to aerolysin and
S. aureus a-hemolysin promoted cell survival and required
potassium-efflux-dependent activation of caspase-1 (Gurcel
et al., 2006). Consistently, macrophages that lack SREBP1a
are more susceptible to PFT-induced apoptosis (Im and
Osborne, 2012). The anti-apoptotic gene Api6 was found to beCea key SREBP1a target gene in response to PFTs (Im and
Osborne, 2012). An interesting feedback loop was recently iden-
tified. While SREBPs are activated in an inflammasome-depen-
dent manner (Gurcel et al., 2006), they also regulate expression
of some inflammasome components. SREBP1a indeed controls
the expression of the inflammasome component Nlrp1a (Im
et al., 2011). Thus SREBPs emerge as coordinators of lipidmeta-
bolic, anti-apoptotic, and inflammatory pathways.
Conclusions and Perspectives
The last decade of PFP research has provided the most com-
prehensive view of the structural diversity of this family of
proteins and has started revealing the complexity of the cellular
responses to membrane damage. A plethora of pathways
were found to be activated in response to PFPs, and it is likely
that there are more to come. Two ions really appear as the
master regulators of the response to pore formation: calcium
and potassium.
Calcium is essential to trigger rapid membrane repair in
response to certain PFTs. It may also lead to actomyosin-
mediated constriction of the cytoskeleton (Bu¨cker et al., 2011)
and disruption of tight junctions in epithelial barriers (Kwak
et al., 2012), thus allowing the translocation of luminal bacteria
to the blood. High calcium in addition affects mitochondrial
functions (Braun et al., 2007) and dynamics (Stavru et al.,
2011), as observed early on (Keiser et al., 1964), by the father
of hemolytic toxins, Alan Bernheimer (Bernheimer, 1996). Finally,
calcium triggers activation of certain proteases. The PFT-
induced drop in cytosolic potassium in turn triggers autophagy,
lipid droplet formation, arrest in global translation, activation of
MAP kinase pathways, and activation of specific proteolytic
cascades (Figure 3).
There are important open questions for the future: (1) Is cyto-
solic potassium sensed directly, and if so, (2) which molecules
have this capacity? (3) How do the different pathways crosstalk?
(4) How do cells integrate all the information and compute the
final outcome? (5) Can cells develop resistance to pore forma-
tion? It was found that exposure to interferon (Yarovinsky
et al., 2008) protects cell from S. aureus a-hemolysin by overex-
pressing scramblase-1 (Lizak and Yarovinsky, 2012), but
possibly additional pathways remain to be found.
Clearly, future studies on the cellular effects of PFPs will
reveal interesting secrets of cell physiology. As Claude
Bernard wrote in 1878 in La Science Experimentale: ‘‘To the
physiologist the poison becomes an instrument which dissoci-
ates and analyzes the most delicate phenomenon of living
structures and by attending carefully to their mechanism in
causing death, he can learn indirectly much about the physiolog-
ical process of life.’’
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